The first activating mutation of the FSH receptor (FSHR*D567G) was identified in a gonadotropin-deficient hypophysectomized man who exhibited persistent spermatogenesis and fertility with only androgen replacement. We have determined the ability of FSHR* activity to maintain spermatogenesis and/or steroidogenesis during gonadotropin and androgen deprivation in mature transgenic FSHR* mice (Tg(Abpa-FSHR*D567G)1Cmal ), hereafter referred to as Tg-FSHR* mice. Testes of untreated adult Tg-FSHR* males were equivalent in weight to nontransgenic controls but exhibited increased total Sertoli cell (24%) and spermatogonia (34%) numbers and nonsignificantly elevated spermatocytespermatid numbers (13%-17%). During sustained GNRH1 agonist treatment that markedly reduced (96%-98%) serum LH and testosterone (T) and decreased serum FSH (68%-72%), the testes of GNRH1 agonist-treated Tg-FSHR* mice remained significantly larger than treated nontransgenic controls. After 4 wk of gonadotropin suppression, Sertoli cell numbers were reduced in Tg-FSHR* testes to levels comparable with nontransgenic testes, whereas spermatogonia numbers were maintained at higher levels relative to nontransgenic testes. However, after 8 wk of GNRH1 agonist treatment, the total spermatogonia, spermatocyte, or postmeiotic spermatid numbers were reduced to equivalent levels in Tg-FSHR* and nontransgenic mice. FSHR* effects were further examined in gonadotropin-deficient hypogonadal Gnrh1 hpg / Gnrh1 hpg (Gnrh1 À/À
INTRODUCTION
The gonadal actions of FSH are mediated via a specific Gprotein coupled FSH receptor (FSHR) located in the testicular Sertoli or ovarian granulosa cells [1] . An inactivating mutation in the human FSHR permits men to remain fertile despite having smaller testes [2] , whereas affected females have complete ovarian failure [2] [3] [4] [5] [6] . Similarly, targeted disruption of mouse Fshr or Fshb genes preserved male fertility despite reducing testis size, whereas all females remained sterile [7] [8] [9] . In contrast, infertility occurs in men lacking normal circulating FSH [10] [11] [12] [13] [14] [15] , which suggests that FSH is necessary for human male fertility (reviewed in [16] ). The requirement for FSH activity to support human spermatogenesis was further highlighted by the identification of a mutated FSHR (FSHR*D567G, denoted FSHR*) in a hypophysectomized man who retained spermatogenesis and fertility despite receiving testosterone (T) but with uncorrected complete gonadotropin deficiency [17] . Because the single amino acid substitution (Asp567Gly) occurred in the third cytoplasmic loop that resembled known sites for activating mutations in the related LH [18] and TSH receptors [19] , it was proposed that FSHR* provided the necessary constitutive FSH activity in the absence of circulating ligand. In vitro analysis verified that this mutant FSHR* exhibits increased ligand-independent constitutive activity (elevating basal intracellular cAMP levels) relative to wild-type (wt) FSHR [1, [20] [21] [22] , although in vivo verification of the activating status of this FSHR mutation has been difficult to demonstrate [23] .
We previously showed that transgenic FSHR* stimulated autonomous FSH-like activity in hypogonadal (Gnrh1 À/À , also known as hpg) mouse testes [24] , which normally fail to develop postnatally because of a major deletion in the Gnrh1 gene producing complete functional gonadotropin deficiency [25] . Whereas FSHR* promoted early germ cell development, the incomplete postmeiotic germ cell development in Tg-FSHR* Gnrh1 À/À testes contrasted with the full spermatogenesis and fertility in the original hypophysectomized man with the mutant FSHR* [17] . However, this transgenic Gnrh1 À/À model evaluated the ability of FSHR* to initiate spermatogenesis on a background of congenital gonadotropin deficiency, but not the capacity of FSHR* to maintain spermatogenesis following gonadotropin loss after completion of testicular development at maturity. We previously showed different hormonal requirements for initiation versus maintenance of spermatogenesis in Gnrh1 À/À mice, whereby maintenance required at least an order of magnitude lower T than initiation [26] . Therefore, it is possible that the arrested spermatogenic phenotype of Tg-FSHR* Gnrh1 À/À mice was due to a different capacity of FSHR* to initiate, rather than maintain, complete germ cell maturation. The Tg-FSHR* Gnrh1 À/À model also suggested that paracrine actions of constitutive FSHR signalling elevated T production [24] . Despite pituitary ablation, the original FSHR* case also maintained higher than expected circulating T levels (!4.9 nmol/L) and normal semen sperm parameters during 4 mo withdrawal from T replacement therapy. These observations raise the possibility that the mutated FSHR* maintained spermatogenesis and/or stimulated androgen production in the absence of gonadotropins. Therefore, our current work has evaluated the capacity of transgenic FSHR* to maintain spermatogenesis and/or androgen levels following gonadotropin or androgen deprivation in Tg-FSHR* mice.
MATERIALS AND METHODS

Animals
The transgenic RR.3 and RR.4 lines expressing the mutant (Asp567Gly) human FSHR* under control of the rat Abpa promoter (Tg(Abpa-FSHR*D567G)1Cmal) have previously been described [24] , and are herein referred to as Tg-FSHR* mice. Males expressing transgenic FSHR* on a gonadotropin-deficient hypogonadal Gnrh1 hpg /Gnrh1 hpg (Gnrh1
) background were obtained by crossbreeding animals heterozygous for the Gnrh1 gene deletion, determined by detection of wt or disrupted Gnrh1 gene or Tg-FSHR* PCR products as described [24, 27] . Animals were raised and housed at the ANZAC Research Institute under controlled conditions (12L:12D, 19-228C) with ad libitum access to food and water. All animal procedures were approved by the Central Area Health Services Animal Welfare Committee and performed in accordance to the National Health and Medical Research Council code of practice for the care and use of animals and the NSW Animal Research Act (1985) . Littermates or age-matched control Gnrh1
) males were used for comparison with transgenic males.
Animal Treatments, Serum, and Tissue Collection GNRH1 agonist (Zoladex) treatment. Adult Tg-FSHR* males and agematched nontransgenic controls were injected with Zoladex (a gift from AstraZeneca) for 4 (s.c. 3.5 mg pellet) or 8 wk (consecutive 3.5 mg pellets on Day 1, then Day 28). All untreated and GNRH1 agonist-treated animals were killed at 26 wk of age.
T treatment. Tg-FSHR*, nontransgenic littermates, or age-matched Gnrh1 À/À males received a subdermal 1-cm Silastic implant (Dow Corning) containing crystalline T at 21 days old as described [28] . After 6 wk of T treatment, the implants were removed under anesthesia, and animals were examined after 2 or 6 wk of T withdrawal. Under terminal Rompun-ketamine anesthesia, blood was collected via cardiac puncture and serum stored at À208C; then, animals were perfused with Bouin fixative and tissue was collected, weighed, processed, and embedded in hydroxymethylmethacrylate resin (Technovit 7100; Kulzer and Co.) as described [28] . Thin (3-lm) or thick (18-to 20-lm) testis sections were cut using a Polycut S microtome (Reichert Jung) and stained with 0.5% toluidine blue or periodic acid-Schiff respectively; the latter sections were used for stereological evaluation (n ¼ 4-8 mice/group).
Hormone Assays
Serum FSH levels were determined using a two-site immunofluorometric assay as described [29] , using mouse FSH standard (AFP-5308D; NIDDKD). Serum LH levels were measured by radioimmunoassay as described [30] , using iodination grade rat LH (rLH I-9) and mouse LH standard (AFP-5306A; NIDDKD). Serum samples were assayed in duplicate and assay detection was 200 pg/ml FSH and 70 pg/ml LH. Serum T levels were measured in duplicate by radioimmunoassay as previously described [31] .
Stereological Analysis
Testicular Sertoli and germ cell populations were quantified using the optical-disector technique as described [28] . Uniform random sampling of fixed tissue sections (three blocks representing upper, middle, and lower poles of testis) was performed by light microscopy (3100/1.35 objective) using unbiased sample frames created by Olympus CAST grid software (Olympus Corp.). Total cell numbers per testis ¼ numerical cell densities 3 testicular volume (testis weights/specific gravity d ¼ 1.04 g/ml). Germ cell estimates were broadly grouped into spermatogonia, primary spermatocytes (preleptotenepachytene), round spermatids, and elongated spermatids.
Data Analysis
All statistical analysis was performed using SPSS, version 11.0 (SPSS, Inc.), or NCSS (NCSS). For GNRH1 agonist or T treatment studies, comparisons of transgenic and treatment effects were determined by two-way ANOVA. Data for transgenic versus nontransgenic samples at equal time points used unpaired t-tests, and comparison of transgenic or nontransgenic samples at different time points used one-way ANOVA. Differences were regarded as significant when P , 0.05. All data and graph plots are presented as mean 6 SEM.
RESULTS
FSHR* Activity in Normal or GNRH1 Agonist-Treated Mice
Untreated mice. The in vivo effects of transgenic FSHR* expression on normal spermatogenesis and serum hormone levels were examined in untreated mature males. Serum LH, FSH, and T levels were not significantly different in agematched transgenic and nontransgenic males (Fig. 1) . In addition, Tg-FSHR* testes weights were similar to nontransgenic testes (Fig. 2) ; however, stereological analysis revealed differences in the testicular cell populations. The absolute number of Sertoli cells was significantly higher (24%, P , 0.01) in untreated Tg-FSHR* testes compared to nontransgenic controls (Fig. 2) . Likewise, spermatogonia numbers were significantly greater (34%, P , 0.05) in Tg-FSHR* compared to nontransgenic testes (Fig. 3 ). Postmitotic germ cell populations were not significantly different, although primary spermatocytes (13%, P ¼ 0.171) and postmeiotic spermatid numbers (17%, P ¼ 0.086) were nonsignificantly higher in Tg-FSHR* relative to nontransgenic testes ( Fig. 3) .
Gonadotropin-deprived mature mice. Effects of transgenic FSHR* on spermatogenic maintenance during gonadotropin suppression were examined in mature mice receiving sustained GNRH1 agonist (Zoladex) delivery to reduce gonadotropin secretion. Body weights of GNRH1 agonisttreated or untreated age-matched Tg-FSHR* and nontransgenic males were not significantly different (data not shown). Four and eight weeks of sustained GNRH1 agonist administration significantly reduced serum FSH (two-way ANOVA, P , 0.001), LH, and T (two-way ANOVA, P , 0.002) levels relative to untreated age-matched controls (Fig. 1 ). Eight weeks of Zoladex suppressed serum FSH levels (68%-72%) to equivalent concentrations and markedly decreased serum LH and T (96%-98%) to similar levels in Zoladex-treated Tg-FSHR* and nontransgenic males (Fig. 1) .
Gonadal effects of transgenic FSHR* during GNRH1 agonist treatment were first examined by comparison of testis weights between Tg-FSHR* and nontransgenic groups. GNRH1 agonist treatment significantly reduced testis weights of Tg-FSHR* and nontransgenic mice (two-way ANOVA, P , 0.001); however, testis weights of Tg-FSHR* mice were significantly higher (two-way ANOVA, P , 0.05) than those of nontransgenic mice. After 4 wk of GNRH1 agonist, testes weights of Tg-FSHR* mice were not significantly reduced compared to those of untreated transgenic mice (one-way ANOVA, P ¼ 0.12), whereas testes of nontransgenic mice were significantly reduced (one-way ANOVA, P , 0.05) by 18% (Fig. 2) . After 8 wk of prolonged GNRH1 agonist administration, the testes weights of transgenic and nontransgenic mice were significantly reduced to 54% and 41%, respectively, of untreated age-matched animals (Fig. 2) .
Stereological assessment of testis cell types revealed that GNRH1 agonist administration significantly reduced the total Sertoli cell population in Tg-FSHR* (two-way ANOVA, P , 0.01) but not in nontransgenic mice (Fig. 2) . After 8 wk of Zoladex treatment, Sertoli cell numbers declined 35% in GNRH1 agonist-treated Tg-FSHR* testes to the levels found in treated nontransgenic testes. Administration of GNRH1 agonist significantly reduced (two-way ANOVA, P , 0.0001) all four ACTIVATED MUTANT FSHR AND SPERMATOGENESIS germ cell populations examined in transgenic and nontransgenic mice (Fig. 3) . However, Tg-FSHR* testes contained higher total spermatogonia (two-way ANOVA, P , 0.01) and primary spermatocyte (two-way ANOVA, P , 0.05) numbers compared to nontransgenic testes, whereas total round (twoway ANOVA, P ¼ 0.055) and elongated (two-way ANOVA, P ¼ 0.062) spermatid numbers were nonsignificantly higher in Tg-FSHR* relative to nontransgenic testes. In particular, after 4 wk of GNRH1 agonist, total spermatogonia numbers, although reduced, were 37% higher (one-way ANOVA, P , 0.01) in treated Tg-FSHR* compared to treated nontransgenic males, and were equivalent to numbers in untreated nontransgenic mice (Fig. 3) . Stained sections from Tg-FSHR* and nontransgenic testis demonstrate the comparison of Sertoli and spermatogonia cells before and after 4 wk of GNRH1 agonist treatment (Fig. 4) . After 8 wk of GNRH1 agonist treatment, the reduced total spermatogonia and different postmitotic germ cell populations were not significantly higher (e.g., P ¼ 0.26 or P ¼ 0.38 for round or elongated spermatids respectively) in Tg-FSHR* relative to nontransgenic testes (Fig. 3) .
FSHR* activity in Gnrh1
À/À mice
To evaluate transgenic FSHR* activity in the functional absence of circulating FSH ligand, qualitatively complete spermatogenesis in gonadotropin-deficient hypogonadal Gnrh1 À/À mice was first induced by T treatment, and then spermatogenic maintenance was examined following T withdrawal. Testes of T-treated Tg-FSHR* Gnrh1 À/À mice were 1.7-fold (P , 0.001) larger than treated nontransgenic Gnrh1 À/À testes before T withdrawal (Fig. 5) . T withdrawal significantly decreased testes weights of Tg-FSHR* and nontransgenic Gnrh1 À/À mice (two-way ANOVA, P , 0.001); however, Tg-FSHR* Gnrh1
À/À testes remained significantly larger (two-way ANOVA, P , 0.001) than treated nontransgenic Gnrh1 À/À testes. Two and six weeks of T withdrawal significantly reduced Tg-FSHR* Gnrh1 À/À testis weight by 60% and 78%, respectively (Fig. 5) . Likewise, nontransgenic Gnrh1 À/À testis weight significantly declined 51% and 74% after 2 and 6 wk of T withdrawal, consistent with our previous regression data [26] . After 6 wk of androgen withdrawal, Tg-FSHR* Gnrh1 À/À testes remained 1.4-fold greater (P , 0.05) than nontransgenic Gnrh1 À/À controls. Stained sections of Tg-FSHR* and non- ) in mature untreated (wk 0) or GNRH1 agonist-treated Tg-FSHR* (black) or nontransgenic (white) mice were quantified as described in Materials and Methods. All germ cell populations were significantly reduced by gonadotropin suppression. Significant changes are detailed in Results, noting that total spermatogonia were significantly higher in untreated and 4-wk GNRH1 agonist-treated transgenic compared to nontransgenic mice, as indicated by asterisks. Values are mean 6 SEM.
transgenic Gnrh1
À/À testes after T treatment and following T withdrawal highlighted changes in germ cell populations, such as higher spermatogonia numbers in Tg-FSHR* males and overall loss of germ cells after T withdrawal (Fig. 6) .
Stereological estimation was used to compare total Sertoli and germ cell numbers in Tg-FSHR* and nontransgenic Gnrh1 À/À testes after the T implant treatment/withdrawal regime. Total Sertoli cell numbers were unchanged in Tg-FSHR* and nontransgenic Gnrh1 À/À testes after T treatment/ withdrawal (Fig. 5) . Total spermatogonia numbers were 2.7-fold higher (P , 0.05) in T-treated Tg-FSHR* relative to those of treated nontransgenic Gnrh1 À/À testes, and were significantly decreased by T withdrawal (two-way ANOVA, P , 0.001) in transgenic but not in nontransgenic Gnrh1 À/À testes. After 6 wk of T withdrawal, spermatogonia remained significantly higher (2-fold, P , 0.02) than corresponding numbers in nontransgenic Gnrh1 À/À testes (Fig. 7) . Likewise, T withdrawal significantly reduced total primary spermatocyte numbers by 32%-42% (P , 0.001) in transgenic and nontransgenic Gnrh1 À/À testes, but spermatocyte numbers remained significantly higher (two-way ANOVA, P , 0.001) in these Tg-FSHR* compared to nontransgenic Gnrh1 À/À testes. Round and elongated spermatid numbers were significantly reduced (twoway ANOVA, P , 0.001) after T withdrawal but remained higher (two-way ANOVA, P , 0.005) in Tg-FSHR* compared to nontransgenic Gnrh1 À/À testes (Fig. 7) . After 6 wk of T removal, total primary spermatocytes were significantly higher (1.7-fold, P , 0.02) and total spermatids nonsignificantly higher (3-fold, P ¼ 0.11) in Tg-FSHR* compared to nontransgenic Gnrh1 À/À testes. However, compared to untreated Tg-FSHR* Gnrh1 À/À testes, there was no significant difference found between the total numbers of spermatogonia (P ¼ 0.25), spermatocyte (P ¼ 0.84), or round (P ¼ 0.19) or elongated (P ¼ 0.14) spermatid populations in Tg-FSHR* Gnrh1 À/À testes after T treatment/withdrawal (Fig. 7) .
To determine whether FSHR* stimulated steroidogenesis independently of gonadotropins, serum T levels were compared in Tg-FSHR* and nontransgenic Gnrh1 À/À males. Serum T concentrations in untreated Tg-FSHR* Gnrh1 À/À males were 2-fold higher (P , 0.02) than those in nontransgenic Gnrh1 À/À males (5.0 6 2.7 vs. 2.9 6 1.6 nM; n ¼ 17 per group). T treatment via silastic implants maintained elevated serum T levels of approximately 40 nM in transgenic and nontransgenic Gnrh1 À/À mice [24] . Serum T declined to equivalent basal levels in Tg-FSHR* and nontransgenic Gnrh1 À/À mice after 6 wk of T withdrawal (1.2 6 0.4 vs. 0.9 6 0.09 nM; n ¼ 9 transgenic and 7 nontransgenic). Epididymal weights were also similar in transgenic and nontransgenic Gnrh1 À/À males after 6 wk of T withdrawal (5.01 6 0.39 vs. 4.79 6 0.48 mg; n ¼ 5 transgenic and 6 nontransgenic).
DISCUSSION
We have evaluated the ability of the activating FSHR* mutation to maintain spermatogenesis during gonadotropin
FIG. 5. Testis weights and total Sertoli cell numbers in Tg-FSHR* (black) and nontransgenic (white) Gnrh1
À/À mice during the T withdrawal regime described in Materials and Methods. Three-week-old gonadotropindeficient hypogonadal Gnrh1 À/À mice received T implants for 6 wk to induce spermatogenesis (wk 0), followed by T withdrawal for 2 or 6 wk as indicated. Significant differences are detailed in Results, noting that T withdrawal significantly reduced testes weights but that Tg-FSHR* Gnrh1 À/À testes remained significantly higher than nontransgenic Gnrh1 À/À controls. Sertoli cell numbers in transgenic or nontransgenic Gnrh1 À/À mice were unchanged by T withdrawal. Values are mean 6 SEM. ACTIVATED MUTANT FSHR AND SPERMATOGENESIS deficiency, which was highlighted by its actions in the original hypophysectomized FSHR* man who retained spermatogenesis and fertility in the absence of both gonadotropins [17] . Our past analysis of in vivo FSHR* actions focused on the initiation of spermatogenesis in Tg-FSHR* gonadotropin-deficient hypogonadal Gnrh1
À/À mice [24] . To extend this research, we present two approaches to explore the in vivo consequences of FSHR* activity upon the maintenance of preexisting spermatogenesis, as existed in the first FSHR* case described, rather than the initiation of germ cell maturation in Tg-FSHR* mice. Pharmacological suppression of gonadotropins in mature Tg-FSHR* mice allowed investigation of FSHR* maintenance of full spermatogenesis, whereas examination of Tg-FSHR* Gnrh1 À/À mice by using a T treatment-withdrawal regime permitted analysis of potential spermatogenic and steroidogenic maintenance independently of circulating FSH ligand.
Expression of transgenic FSHR* in normal mouse testes produced cellular changes indicative of enhanced FSH activity. Total Sertoli cell and spermatogonia populations were increased in Tg-FSHR* testes, suggesting that this mutant receptor increased overall FSH-mediated activity during the crucial postnatal window for FSH-induced Sertoli cell proliferation. We previously showed that transgenic FSHR* expression increased the capacity of postnatal testis to bind FSH [24] . Therefore, higher numbers of FSH-responsive Sertoli and spermatogonial cells in mature Tg-FSHR* males may reflect increased Sertoli cell-surface FSHR expression and upregulated mitogenic signaling. An increased Sertoli cell population in Tg-FSHR* mice is consistent with studies that showed that postnatal administration of high doses of exogenous FSH elevated total Sertoli cell numbers above normal in adult rats [32, 33] . However, mice heterozygous for a disrupted wt Fshr have normal Sertoli and germ cell numbers [34] , demonstrating that 2-fold changes to functional wild-type Fshr presence has no apparent impact upon testicular development. Therefore, it is more likely that elevated Sertoli and early germ cell development reflect increased constitutive activity provided by the FSHR* mutation than simply FSHR overexpression per se. Despite significant changes to the mitotic cells within the seminiferous tubules, testis size was not significantly altered and there was no observed difference in the fertility of Tg-FSHR* males compared to normal nontransgenic males [24] .
In our present study, the higher than normal total Sertoli cell population in mature Tg-FSHR* mice was unexpectedly
À/À mice after 6 wk T treatment (A and B, respectively) and then after 6 wk T withdrawal (C and D, respectively) as described in Materials and Methods. Shown are toluidine blue-stained 3-lm testis sections, all at the same magnification. Representative Sertoli (SC) or spermatogonia (Sg) cells are indicated by triangles or narrow arrows respectively. Original magnification 340. (3 10 6 ) in Tg-FSHR* (black circles) and nontransgenic (white circles) Gnrh1 À/À mice during the T withdrawal regime were quantified as described in Materials and Methods. Three-week-old mice received T treatment for 6 wk to induce spermatogenesis (shown as wk 0), followed by T withdrawal for 2 or 6 wk as indicated. All four germ cell populations were significantly higher in Tg-FSHR* compared to nontransgenic Gnrh1 À/À testes; however, after 6 wk T withdrawal there were no significant differences in germ cell numbers, as detailed in Results, in treated Tg-FSHR* compared to untreated mature Tg-FSHR* Gnrh1 À/À testes (shown by black triangles for comparison). Values are mean 6 SEM.
FIG. 7. Total testicular germ cell populations
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reduced by pharmacological suppression of serum FSH, LH, and T, whereas Sertoli cell numbers remained unchanged in nontransgenic controls. It is possible that the maintenance of higher Sertoli cell numbers in Tg-FSHR* testes was dependent upon circulating FSH levels, but a precise mechanism for the GNRH1 agonist-induced Sertoli cell loss remains unknown. Despite reduced hormone levels and Sertoli cell loss, the testicular weights of treated Tg-FSHR* mice were initially maintained, in contrast to the significantly regressed weights of nontransgenic testes. The reduced testicular regression of Tg-FSHR* relative to nontransgenic males was consistent with more germ cells maintained in Tg-FSHR* testes. In particular, transgenic FSHR* expression preferentially sustained the FSHresponsive spermatogonia population after 4 wk of sustained GNRH1 agonist treatment. However, the presence of transgenic FSHR* did not provide longer-term protection for spermatogenesis, because testicular regression from prolonged GNRH1 agonist treatment reached equivalent levels in transgenic and nontransgenic animals. Therefore, despite delaying regression of spermatogenic function, transgenic FSHR* was unable to significantly maintain any additional germ cell development in the gonadotropin-deprived adult mouse testis.
Circulating FSH levels were not as completely reduced as serum LH and T during prolonged GNRH1 agonist treatment, highlighting the well-known distinct regulation of FSH and LH pituitary secretion. Because residual FSH activity may influence the pattern of testicular regression observed in this pharmacological model, we further examined the spermatogenic and steroidogenic effects of FSHR* during testicular regression in the Gnrh1 À/À mouse, which has complete postnatal functional FSH/LH deficiency [16, 35, 36] . Using an established T treatment to stimulate maximal androgen-specific spermatogenic completion in Gnrh1 À/À testes [26] [27] [28] , subsequent withdrawal of T for 6 wk was predicted to produce testicular regression, manifest as loss of testis weight and, in particular, loss of androgen-dependent meiotic and postmeiotic germ cells [26] .
Total Sertoli numbers were not reduced following T withdrawal in either Tg-FSHR* or nontransgenic Gnrh1 ) Tg-FSHR* testes was due to suppression of FSH but not T. Overall germ cell numbers were elevated in treated Tg-FSHR* Gnrh1 À/À testes, consistent with recent work showing that FSHR* activity increased early germ cell development in Gnrh1 À/À males [31] . After T withdrawal, higher spermatogonia numbers in Tg-FSHR* testes were significantly reduced, whereas lower spermatogonia numbers in nontransgenic Gnrh1 À/À testes did not change during testicular regression, which suggests that FSHR* and T activity combined in Gnrh1 À/À testes to enhance spermatogonial development. Meiotic and postmeiotic germ cells were all significantly reduced in Tg-FSHR* and nontransgenic Gnrh1 À/À testes following androgen withdrawal. Although germ cell populations were higher in transgenic relative to nontransgenic Gnrh1 À/À testes, 6 wk of androgen deprivation reduced the spermatogonia and meiotic and postmeiotic germ cell populations in regressed Tg-FSHR* Gnrh1 À/À testes to the numbers found in untreated Tg-FSHR* Gnrh1 À/À testes. Thus, complete enumeration of cell populations revealed that FSHR* maintained FSH-like spermatogenic development in gonadotropin-deficient Gnrh1 À/À testes following withdrawal of T after maximal T-induced spermatogenesis. However, FSHR* did not maintain any significant androgendependent germ cell development in these Gnrh1 À/À males. The in vivo FSH-like activity provided by FSHR* in the absence of circulating FSH ligand is more likely due to increased constitutive activity provided by the mutation, although some contribution from potential FSHR overexpression has not been fully excluded. However, previous studies showed that higher expression (increased transfection DNA) of wt FSHR did not increase constitutive signaling (basal cAMP levels) in cultured Sertoli [1] or CHO cell lines [37] , which suggests that mutationspecific effects and not receptor overexpression per se may be necessary for FSH-like activity in Gnrh1 À/À mice. The above findings indicate that transgenic FSHR* has only a limited capacity to maintain spermatogenesis during testicular regression following suppression of gonadotropins in the mouse. Although basal serum T levels were 2-fold higher in gonadotropin-deficient Gnrh1 À/À males expressing transgenic FSHR*, supporting our previous proposal that constitutive FSHR signaling may promote steroidogenesis [24] , these higher serum T concentrations were not sustained in Tg-FSHR* Gnrh1 À/À mice following the T hormone withdrawal regime to induce spermatogenic regression. In addition, the androgen-responsive epididymis was reduced to an equivalent size in Tg-FSHR* and nontransgenic Gnrh1 À/À males following T withdrawal. Furthermore, the GNRH1 agonist-treated model demonstrated that despite the presence of functional mature Leydig cells in adult Gnrh1 þ/þ or Gnrh1 þ/À males, FSHR* expression alone was not sufficient to maintain serum T levels following pharmacological suppression of LH. Therefore, our overall findings are not able to explain the higher than castrate levels of circulating T reported in the original hypophysectomized FSHR* man after androgen withdrawal [17] . It is possible that persistent low serum T in this FSHR* individual resulted from residual levels of administered androgen, or from an incomplete LH deficiency that sustained low-level steroidogenesis. Our current findings demonstrate that the presence of transgenic FSHR* in mice has little capacity to stimulate functional steroidogenesis or provide significant androgen-mediated germ cell development in the absence of circulating LH or FSH.
In summary, our transgenic FSHR* paradigm showed that the mutant activated human FSHR* can increase the FSHresponsive Sertoli and germ cell populations in the adult mouse testis. However, analysis of two testicular regression strategies has clearly demonstrated that this mutant activated FSH receptor maintains only limited support of germ cell development during the suppression or withdrawal of circulating androgen and gonadotropins, in which the testicular response provided by this mutant FSHR* resembled typical FSHmediated but not steroidogenic-like activity.
